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Abstract
Carbon sequestration in grassland soil has been paid considerable attention in recent decades. However, the
changes of soil organic carbon (SOC) still need clarification under the effect of environmental factors in semiarid area. Here, twenty sampling sites were selected to study the effects of plant community (plant cover,
biomass, litter, composition and diversity) and environmental factors (i.e. mean annual precipitation, mean
annual temperature) on SOC sequestration in the semi-arid grasslands. The results showed that SOC was
significant positively related to mean annual precipitation, soil water content and soil pH. The higher aboveand below-ground biomass, species evenness and diversity presented the higher SOC. Specially, the species
richness and proportion of gramineous species functional group significantly increased SOC. Below-ground
biomass affected SOC mainly in the top 30 cm soil. Our results suggest that higher plant species richness and
gramineous species proportion play a positive role in increasing the potential of soil carbon sequestration in
semi-arid grassland.

1. Introduction
Soil carbon (C) is the largest C pool in terrestrial

tration. Thus, soil carbon pays a critical role in

biosphere, which stored more C than that contained

global C cycling (Shi et al., 2012; Song et al.,

in plants and the atmosphere (Jobbágy and Jackson,

2012). The climate change could profoundly affect

2000). Even a slight change in the amount of soil C

vegetation, soil and the carbon cycle of terrestrial

may dramatically influence atmospheric CO2 concen-

ecosystem (Jobbágy and Jackson, 2000).
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As the important form of human managing and uti-

the relationships between plant community and soil

lizing grassland, cultivation and abandonment signifi-

property under the condition of climate change are

cantly affected soil organic carbon cycles (Shang et

still poorly understood. So it is significant for us to

al., 2012; 2014). So it is necessary to determine more

understand the relationship among the three factors,

effective strategies for land use and vegetation man-

which contribute to the ecological systems.

agement to ameliorate the rising level of atmospheric

The Chinese government has implemented the most

CO2 (Yang et al., 2015).

ambitious ecological program titled ‘Grain-for-

Changes in environmental factors can greatly affect

Green’ project (converting degraded, marginal land

C and nitrogen (N) cycling in terrestrial ecosystems

and cropland into grassland, shrubland and forest).

(Allison and Treseder, 2008; Liu et al., 2009). Previ-

The large scale of project can enhance C sequestra-

ous studies have documented that soil organic carbon

tion capacity in China, especially in arid and semi-

(SOC) content would increase or stay constant with

arid areas. Our aims are offering a new perspective

precipitation change (Song et al., 2012; Zhou et al.,

in the study of SOC response to plant-soil interface

2009). Grassland represents an important global C

microhabitats (biotic and abiotic factors) in semi-

reservoir, and stores as much as 20% of global soil

arid grassland.

C (Jobbágy and Jackson, 2000). Thus, the changes of

The specific objectives of this study are that (1) to

soil C in grassland will be a significant component of

find the role of (biotic and abiotic factors on SOC

the global soil C feedback to plant and climate change

in the plant-soil interface microhabitats; (2) under-

(Jobbágy and Jackson, 2000; Song et al., 2012). How-

standing the relationship between plant community

ever, there were few field experimental evidences on

composition and abiotic factors and SOC in typical

the responses of SOC to community composition and

semi-arid temperate grasslands

abiotic factors in the natural grassland (Fornara and
Tilman, 2008).

2. Materials and Methods

Plant–soil feedbacks play an important role in the
maintenance of both plant community structures and

2.1. Study area

soil properties (Bezemer et al., 2006). Changes in
plant composition can alter soil organic matter, soil

This study was conducted at Gansu Province, China.

nutrient availability, and the composition of soil mi-

The region is characterized by semi-arid climate, mean

crobial communities (Casper and Castelli, 2007; For-

annual temperature (MAT) ranges from 6.73 to 9.57

nara and Tilman, 2008; Shang et al., 2014). These

°C and mean annual precipitation (MAP) ranges from

influences on soil chemical properties result in either

183.81 to 387.77 mm. 75% of the annual rainfall in

net positive or negative effects, associated with plant

this region is concentrated in July–September. We

performance and plant community composition (Kar-

selected 20 sites (longitude 103°24’ -54’E, latitude

dol et al., 2006; Wu et al., 2016). Additionally, some

35°15’ -22’ N, and altitude from 1434 to 2523 m) (Fig-

previous studies found that climate change influenced

ure 1) for soil and plant community sampling (Wu et

plant growth and soil microbial activities (Bai et al.,

al., 2014), and the soil pH value ranges from 7.70 to

2010; Song et al., 2012). However, these studies only

9.06. The main species in study sites include Labiatae

focus on one or two aspects among climate change,

(Thymus mongolicus), Gramineae (Stipa bungeana,

plant and soil property. As the best of our knowledge,

Stipa grandis and Agropyron cristatum), Compositae
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(Heteropappus altaicus, Artemisia gmelinii, Arte-

to within 0.01 g. Five replicate (four corners and cen-

misia ordosica, Artemisia frigida and Peganum mul-

ter of the quadrat) soil samples were taken with a 6

tisectum).

cm diameter soil corer, and the depths were consistent
with belowground biomass. All soil samples were airdried and then passed through a 2 mm sieve. The soil
bulk density (g cm-3) was measured using a soil bulk
sampler with a 5-cm diameter and 5-cm high stainless steel cutting ring. The original volume of each
soil core and its dry mass after oven-drying at 105 °C
were measured.
Species richness (SR) represents the numbers of species in each quadrat. All the species in the quadrats
were divided into two functional groups (Allen et
al., 2011): grass (grass family) and forbs (any herbaceous, dicotyledonous broad-leaved plant). The

Figure 1. Location of sampling sites used in this

composition functional groups represent the ecologi-

study.

cal structure which contributed to the predictions of
species assemblages at a more practicable and more
general level, compared with the individual species.

2.2. Experimental design

Shannon-Wiener index (H) and Evenness index (E)
were calculated as:

At each site, one plot (20 m × 20 m) was set up ran-

Richness index (R): R = S;

domly. Ten quadrats (1 m × 1 m) were emplaced in
diagonal line for community survey. Five plots were
chosen to harvest all plants (above-ground biomass
(AGB) and litter), the other five plots were collected

Shannon-Wiener diversity index (H):

plant species (plant cover, name, height, number).

Evenness index (E):

Three samples were taken with a 9 cm diameter corer
to sample belowground biomass at a soil depth of
0-10, 10-20, 20-30, 30-50, 50-70 and 70-100 cm in

where S is the total species numbers of grassland com-

each quadrat. The samples in same layers were mixed

munity, H is the Shannon-Wiener diversity index and

together to make one sample. The majority of the

Pi is the density proportion of i species.

roots were found in the soil samples thus obtained
and then isolated using a 2 mm sieve. The remaining

2.3. Determination and relative calculation

fine roots taken from the soil samples were isolated
by spreading the samples in shallow trays, overfilling

Soil water content was measured gravimetrically and

the trays with water and allowing the outflow from

expressed as a percentage of soil water to dry soil

the trays to pass through a 0.5 mm mesh sieve. All the

weight. Soil bulk density was calculated depending

isolated roots were oven-dried at 65 °C and weighed

on the inner diameter of the core sampler, sampling
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depth and the oven-dried weight of the compos-

To determine the speciﬁc variable impacting SOC, we

ite soil samples. Soil pH was measured with a glass

conducted multiple linear stepwise regression analysis

electrode. When measuring the soil pH, soil samples

at the last stage. All statistical analysis was conducted

were diluted with water (the ratio of soil to water was

by SPSS, ver. 18.00 (SPSS Inc, Chicago, 2009).

1:2.5). SOC was measured by the K2Cr2O7 method.
Calculation of SOC:

3. Results
3.1. Effects of environmental factors on plant community

SOC is SOC storages (Mg ha-1); BD is soil bulk density (g cm-3); SC is soil organic carbon concentration

Correlation results showed that MAP positively and

(g kg ); and D is soil thickness (cm).

significantly affected plant community (Table 1, P <

Climate data were obtained based on the 1957-2005

0.01); MAT negatively and significantly affected Cov-

climate data (average) of 4 weather stations in the

er, AGB, POG, H and SR (P < 0.05) except the litter

sampling regions. All the meteorological data were

(P > 0.05). SR is significant correlation with MAP and

obtained from the China Meteorological Data Shar-

MAT (Table 1, P < 0.01).

ing Service system.

Linear regression of BGB versus nine possible pre-

-1

dictive variables showed a possible relationship with
2.4. Data analysis

MAP, MAT, Cover, AGB, H and SR and no apparent
relationships with Litter, POG and E (Figure 2). In ad-

Correlation analyses were used to determine the re-

dition, MAP, Cover, AGB, H and SR were signifi-

lationship between the meteorological features (i.e.

cantly and positively correlated with BGB (Figure

mean annual precipitation, mean annual tempera-

2a, c, d, e, g, i, respectively). In contrast, BGB de-

ture) and plant community (cover, above-ground

creased with the increased MAT which can explain

biomass, litter, proportion of gramineous, Shannon-

18% of the variation of BGB (Figure 2b, R2=0.18).

Wiener index and species richness), as well as the re-

BGB was mainly affected by MAP and SR (R2=0.30,

lationship between below-ground biomass and SOC.

0.20, respectively).

Simple linear regression was used to account for the

Multiple regression analysis, using as predictor vari-

effects of environmental factors and plant commu-

ables in the environmental factors and plant commu-

nity on below-ground biomass in 0-30 cm soil-depth.

nity but except Litter, POG and E, showed that the

Principal Component Analysis (PCA) was applied to

MAP and H had signiﬁcantly positive effects on BGB

eliminate any redundancy among the environmental

(F=24.62, R2=0.34, P < 0.01). The average of SOC (1

factors, biological factors and soil property vari-

m soil depth) was 7.09 ± 0.49 (mean ± SE) kg m-2 and

ables. A variable was signiﬁcantly correlated with a

plant BGB was 1.20 ± 0.093 (mean ± SE) kg m-2 in the

PC when the correlation (its loading value) with this

twenty sites (Figure 3). SOC showed a positive and

component was at least 0.70. A PC was considered

significant relationship with BGB, especially in 0-30

signiﬁcant when its eigenvalue was at least 1. This

cm soil depth (R=0.56, P < 0.01). There was no rela-

stage allows us to determine the important factors in

tionship between BGB and SOC in the 30-100 cm soil

each component which affect the SOC.

depth (R=0.073, P > 0.05).
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Table 1. The relationship of meteorological features (mean annual precipitation (MAP, mm), mean annual temperature (MAT oC, ) and plant community (cover, %), above-ground biomass (AGB, g m-2), litter (g m-2 ) the
proportion of gramineous species (POG, %), Shannon-wiener index (H), and species richness (SR)).

Abiotic factors
MAP
MAT
SR

Characteristic of plant community
Cover

AGB

Litter

POG

H

SR

**

**

**

**

**

0.58**

**

-0.60**

**

1

0.53

*

-0.21

**

0.54

0.34

**

-0.27

**

0.65

0.32

-0.056
0.27

0.33

**

-0.37

0.22

0.37
-0.42

0.62

Figure 2. Linear relationship of mean annual precipitation (MAP, a), mean annual temperature (MAT, b), Cover
(c), above-ground biomass (AGB, d), Litter (e), the proportion of gramineous (POG, f), Shannon-Wiener index
(H, g), Evenness index (E, f) and species richness (SR, i) with below-ground biomass (BGB).
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with SOC, and SOC showed stronger positively with
MAP, SR and SWC.

Figure 3. Changes between soil organic carbon (SOC,
kg m-2) and plant belowground biomass (BGB, kg
m-2) at different soil depths in the semi-arid grassland.
Figure 4. Biplot of the ﬁrst two PCA axes of environmental factors (e.g. mean annual precipitation and
3.2. Effect of environmental factors on SOC

mean annual temperature), biological factors (Cover,
above-ground biomass, the proportion of gramine-

The PCA results showed that the first two PCs

ous, Shannon-Wiener index, species richness, be-

(Comp.1 and Comp.2) explained 37.34% and 14.41%

lowground biomass, Litter, R/S ratio) and soil factors

of the variance in the twenty sites data (Table 2).

(soil pH value and soil water content). Abbreviations:

As shown in Figure 4, SOC significantly correlated

MAT: mean annual temperature, MAP: mean annual

with environmental factors and biological factors (P

precipitation, AGB: above-ground biomass, BGB: be-

< 0.05). MAT, R/S ratio, BD and pH were negatively

lowground biomass, POG: the proportion of gramin-

correlated with SOC. Cover, AGB, BGB, Litter, POG,

eous, E: Evenness index, H: Shannon-Wiener index,

H, E, SR, SWC, MAP were positively correlated

SWC: soil water content, SOC: soil organic carbon.

Table 2. Eigenvalues and contribution on of principal component analysis (PCA)
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4. Discussion

in the surface soil (Liu et al., 2016b). Plants regulate
SOC by controlling, assimilating and accumulating C

SOC plays a critical role in controlling soil fertility and

in the plant root system and then release from soil to

cropping system productivity and sustainability (Liu

atmosphere through respiration and leaching. Below-

et al., 2016a). The changes in SOC were influenced

ground biomass coupling with a simultaneous change

by both biotic and abiotic factors whether in the agri-

in the rooting pattern would be expected to alter rhizo-

culture, forest or grassland (Song et al., 2012; Zhou et

sphere oxygen concentrations and anaerobic microbi-

al., 2013; Merino et al., 2015). In our study, the main

al processes (Bouchard et al., 2007). However, in the

abiotic factors influencing SOC were MAP and SWC,

30-100 cm soil layer, with the decrease of root bio-

and the main biotic factors were BGB and SR. MAP

mass, there is no significant correlation was showed

and SWC changed the environment of plant growing,

between BGB and SOC. There are significantly posi-

but the BGB and SR changed the competition of plant

tive correlations between BGB, SWC, BGB and SWC

species in community. Greater plant species number

in the soil of 0-10 and 10-20 cm. So higher soil wa-

was associated with soil C accumulation in N-limited

ter promoted more root accumulation in the top soil.

grassland communities (Tilman et al., 2006). More-

BGB was not associated with SWC in the soil layer of

over, higher species diversity occurs in more fertile

20-100 cm. In this case, it is not good for root growth,

habitats without fertilizer disturbance in an alpine

and BGB was not good for SOC accumulation in the

natural grassland community (Wu et al., 2014).

deeper soil (30-100 cm).

Our results showed that plant species richness had a

In addition, the composition of plant functional

positive relationship with soil organic carbon in the

group (i.e. POG) plays an important role in affecting

semi-arid grassland. High species richness enhanced

SOC. Meanwhile, Wu et al. (2011) has documented

primary productivity (Wu et al., 2011), and above-

positive association of gramineous grass with soil

ground plant resources will be returned to the soil

nutrient properties in alpine meadow grassland. Dif-

through decomposing in litter layers (Bardgett and

ferences in plant functional groups can create differ-

Wardle, 2003). The amount of plant residuals returned

ent soil biotic and abiotic microhabitats by affecting

to the soil affected the SOC. Below-ground biomass

soil organic matter, soil nutrient availability, and soil

increased with plant species richness. Our results

microbial communities (Shang et al., 2012, 2014;

showed that the SOC was positively associated with

Casper and Castelli, 2007). Gramineous species

root biomass in the 0-30 cm soil layer. The vertical

had higher productivity, which can result in greater

distribution of SOC had a slightly stronger associa-

amounts of nutrients fixed within their tissues (Har-

tion with vegetation (Jobbágy and Jackson, 2000),

ris et al., 2007), and a relatively higher proportion of

and the root distributions affect the vertical placement

belowground biomass (Wu et al., 2016). Gramine-

of C in the soil. Soil C and N storage tended to in-

ous species had higher belowground biomass, which

crease at higher species diversity due to greater root

is related to higher litter decomposition rate and soil

biomass accumulation in the soil top 20 cm (Fornara

nitrogen availability than that in the forbs species.

and Tilman, 2008). The higher species richness pro-

Furthermore, ﬁne roots of C4 and C3 grasses (grami-

mote greater root biomass accumulation. The increase

noids) can contribute to an increase in the soil or-

in the C input from fine root enhanced organic matter

ganic matter pool (Fornara et al., 2009).

protection, which also promotes SOC accumulation
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There was a significant negative correlation between
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